Abstract. Gut-derived endotoxin and pathogenic bacteria have been proposed to be important causative factors of morbidity and mortality due to heat stroke. However, the molecular mechanisms underlying the small intestinal lesions caused by heat stroke have yet to be well characterized. in order
Introduction
Heat stroke is a life-threatening illness that can be fatal if not appropriately managed. although heat stroke has been recognized for centuries, a universally accepted definition of heat stroke is lacking, and its pathogenesis is not fully understood (1) . current knowledge suggests that the pathophysiologic responses to heat stroke are not due to the immediate effects of heat exposure, but are rather the result of a systemic inflammatory response syndrome (SirS) that ensues following thermal injury. Even when treatment such as the adequate lowering of body temperature and intensive care is administered, heat stroke can often lead to multiple organ dysfunction syndrome (ModS) and death (2) . a better understanding of the molecular mechanisms mediating tissue injury caused by direct heat stress or the subsequent inflammatory reaction is required for the development of clinical strategies to decrease the high mortality rates of severe heat stroke.
The gut is a vast pool of bacteria and endotoxin (lipopolysaccharide) in the body. Gut-derived endotoxin and pathogenic bacteria have been proposed to be important causative factors of morbidity and mortality from heat stroke (3, 4) . Many studies that have pathologically examined the small intestine have revealed that lesions in this organ are common, and intestinal-derived endotoxemia has been observed in heat stroke cases (5, 6) . lambert described the gastrointestinal symptoms produced by intestinal barrier dysfunction and endotoxemia as warning signs ('canary in the coal mine') for the onset of circulatory collapse and multiple organ failure during exertional heat stroke (7) .
increased intestinal and epithelial permeability in sepsis and endotoxemia has been noted to be induced by proinflammatory cytokines such as interferon-γ, tumor necrosis factor-α (TnF-α) and interleukin-1β (il-1β) (8) . High circulating levels of cytokines in plasma, such as il-1β, il-6 or il-10, have also been observed in heat stroke affected animals and humans (6, 9, 10) . In vitro, heat shock was shown to induce cultured intestinal epithelial cells to produce certain cytokines (e.g., il-6 and il-8) (11) that can directly result in increased epithelial permeability and a high rate of apoptosis (12, 13 (14) . In order to verify the possible inflammatory pathogenesis of intestinal tissue injury, a heat stroke model was established in mice following which cooling treatment was applied, mimicking the clinical therapy. Intestinal tissue injury as well as cytokines and chemokines produced from ileum tissue were detected, and their correlation was analyzed.
Materials and methods
Animals. Pathogen-free 6-to 8-week old male BalB/c mice were housed in barrier cages under controlled environmental conditions (12 h light/dark cycle, 55±5% humidity, 23˚C) at the experimental animal center of Southern Medical university (Guangzhou, china), and were given free access to standard laboratory chow and water. animal procedures were approved by the animal care and use committee of Southern Medical university, and the experiment was conducted according to the Guidelines for animal care of Southern Medical university.
Heat stress protocol and cooling treatment. Mice were fasted for 12 h prior to the experiment, but were allowed water ad libitum. after being stabilized for 6 h at an ambient temperature (25±0.5˚C) with a humidity of 35±5%, 64 mice were divided into two groups: the control group (n=8) and the heat stress (HS) group (n=56). Then, the animals in the HS group were placed in a pre-warmed incubator maintained at 35.5±0.5˚C with a relative humidity of 60±5%, in the absence of food and water. The animals in the control group were sham-heated at a temperature of 25±0.5˚C and a humidity of 35±5% for a time comparable to that of the HS group. The rectal core temperature (Tc) was continuously monitored with a rectal thermometer.
Mice in the heat stress group were further equally divided into seven groups (n=8 per group). The mice from four groups were kept in the incubator until the Tc reached 39˚C, 40˚C, 41˚C or 42˚C, respectively. Mice from the other three groups were removed from the incubator and allowed to cool at an ambient temperature of 25±0.5˚C for 6 h after the Tc reached 40˚C (40˚C/6 h), 41˚C (41˚C/6 h) and 42˚C (42˚C/6 h), respectively. during the cooling treatment, the Tc was continuously monitored with a rectal thermometer.
Histopathological analysis. Mice were anesthetized by intraperitoneal injection of urethane and sacrificed. Samples of ileum were quickly excised, sliced into transverse or longitudinal sections and fixed in 10% neutral-buffered formalin. The tissues were then embedded in paraffin blocks, and serial sections were stained with hematoxylin and eosin for microscopic evaluation at a magnification of x200. Morphological changes were assessed and graded in a blinded manner by two certified veterinary pathologists using the intestinal injury score developed by chiu et al (15) .
Cytokine and chemokine measurement. Total proteins were extracted from the homogenized ileum tissues in extraction buffer (20 mM Tris pH 0.5, 150 mM nacl, 1.0 mM edTa, 1.0 mM eGTa, 0.1% Triton X-100, 2.5 mM sodium pyrophosphate, 1.0 mM β-pyrophosphate glycerol) supplemented with 1.0 mM na 3 Vo 4 , 1.0 mM PMSF and a protease inhibitor cocktail. After centrifugation at 10,000 x g for 15 min at 4˚C, the supernatant was dialyzed against the PBS solution and protein concentrations were quantified using a micro BCA protein assay (Pierce, rockford, il).
cytokines and chemokines in the intestinal extraction were analyzed simultaneously using a LiquiChip work station (qiagen GMBH, Germany), which employs bead-based xMaP (flexible multi-analyte profiling) technology (16), according to the manufacturer's instructions. a commercial 10-plex kit specific for mouse cytokines and chemokines (Linco Co.) was used to analyze il-1β, il-2, il-4, il-6, il-10, il-12p40, TnF-α, GM-cSF, McP-1 and MiP-1α expression. all samples were run in the same assay to avoid interassay expression.
Statistics. data are presented as the means ± standard deviation (Sd) and were analyzed using the SPSS 15.0 statistical software package. one-way anoVa was used for the comparison of qualitative variables. The correlation between intestinal injury scores and cytokine levels was calculated by Spearman's correlation or linear regression analysis. p<0.05 was considered significant for all statistical measures.
Results

Thermal response of mice to heat stress and cooling treatment.
The thermal response of the mice to heat stress was described in detail in our previous study (17) . Briefly, the Tc quickly rose above 39˚C during the first 15 min of incubation, followed by a descent to ~38˚C. After a slow increase over ~3 h, the Tc rose above 42˚C. The Tc of the sham-heated animals experienced no significant changes during the experiment.
All the animals with a Tc above 42˚C succumbed to heat stroke, either with the Tc further increasing to 43˚C in the incubator within 15 min or within 385±47 min after the immediate application of cooling treatment. Mice in the other Figure 1 . effects of cooling treatment on the rectal core temperature (Tc) of mice subjected to heat stress. Mice subjected to different degrees of heat stress were removed from the heat and placed into a 25˚C environment. The Tc was monitored at 30-min intervals for 24 h. data are expressed as the means ± Sd.
groups survived for more than 24 h. after removal from the heat conditions and placement in a 25˚C environment, these mice had a quick decrease in Tc to around 35˚C within 30 min (Fig. 1) . The higher the Tc reached during the heat stress procedure, the less the Tc decreased with cooling treatment. Three hours after the cooling treatment, the Tc of the mice in the 39, 40, and 41˚C HS groups reached nearly the lowest values. Then, the Tc of the mice in the 39˚C group gradually increased, reaching that of the control mice, while the mice in the 40 and 41˚C groups remained hypothermic for 24 h, and the Tc of the mice in the 42˚C group further decreased until the animals succumbed. The lowest value of Tc was 33.5±0.3˚C at 6 h after the application of cooling treatment.
Tissue histopathology. Histopathologic examination was performed on the small intestine (ileum). representative photomicrographs are shown in Fig. 2 . in the sham-heat control group and the Tc 39˚C group, no marked damage was observed in small intestinal mucosa ( Fig. 2a and B) . When the Tc was further increased, the injury to the ileum was mainly located in the villi with progressively epithelial necrosis, loss and villi desquamation (Fig. 5c-e) . even when cooling treatment was applied, if the Tc had reached 42˚C during the heat stress procedure the lesions were further aggravated until the animals succumbed (Fig. 5H) . However, if the Tc reached only 40 or 41˚C and was followed by cooling treatment at an ambient temperature, the absorption of exfoliated enterocytes and the recovery of villi were detected ( Fig. 5F and G) . Fig. 3 shows the mean scores of intestinal injury in the control and HS groups. compared with those of the control group, the intestinal injury scores of the 40, 41, and 42˚C HS groups were significantly increased (all p<0.001). The mean injury score in the 42˚C group was significantly higher than that of the 40 and 41˚C groups (both p<0.01). After cooling treatment, the intestinal injury scores of the 40 and 41˚C groups were significantly decreased (both p<0.01). Consistent with the morphological changes, the mean injury score of the 42˚C/6 h group reached the highest values.
Intestinal cytokine and chemokine response. GM-cSF, il-4, McP-1 and MiP-1α levels did not show any significant changes at any time point under heat stress conditions or during cooling treatment (data not shown). The other six cytokines, including il-1β, il-2, il-6, il-10, il-12p40 and TnF-α, showed significant changes at different time points (Fig. 4) .
IL-1β. HS mice in the 39, 40, 41 and 42˚C groups showed significantly higher levels of IL-1β compared with the controls. after the cooling treatment, il-1β levels underwent further significant increases in the 41˚C/6 h and 42˚C/6 h groups, but Figure 3 . Chiu scores of intestinal injury in mice subjected to heat stress and cooling treatment. Morphological changes in the ileum of mice subjected to heat stress and cooling treatment were assessed and graded in a blinded manner by two certified veterinary pathologists using the Chiu intestinal injury score. There were 8 groups: the sham-heated group (Cont), groups whose Tc respectively reached 39, 40, 41 and 42˚C (39, 40, 41, 42), and groups in which the animals were removed from the incubator and allowed to cool at an ambient temperature of 25±0.5˚C for 6 h after the Tc reached 40˚C (40/6), 41˚C (41/6) and 42˚C (42/6). (a and b) . When the Tc further increased (c-e), the injury to the ileum was mainly located in the villi, with progressive epithelial necrosis (white arrow, e) and loss and villi desquamation (black arrow, e). When cooling was applied after the Tc reached 42˚C, the lesions were further aggravated until the animals succumbed (h). However, if the Tc only reached 41 or 40˚C during the heat stress procedure and was followed by cooling, the absorption of exfoliated enterocytes and the recovery of villi were detected (f and g). not in the 40˚C/6 h group. A greater increase was observed in the 41˚C/6 h group than in the 42˚C/6 h group. IL-2. IL-2 levels in the 39, 40, 41 and 42˚C groups were significantly reduced compared with the control mice. However, after the cooling treatment, IL-2 levels were significantly increased in the 41˚C/6 h and 42˚C/6 h groups, but not in the 40˚C/6 h group, and a greater increase was observed in the 41˚C/6 h group than in the 42˚C/6 h group.
IL-6. compared with the control mice, intestinal il-6 expression showed a tendency to increase in the 39, 40, 41 and 42˚C groups, but did not achieve significance. After the cooling treatment, all mice showed a significant increase in il-6 production. The greatest increase in il-6 was observed in the 41˚C/6 h group, and a greater increase in IL-6 was observed in the 42˚C/6 h group than in the 40˚C/6 h group.
IL-10. intestinal il-10 levels were comparable in the control mice and in mice with a low degree of heat stress (39 and 40˚C groups). A higher degree of heat stress (41 and 42˚C groups) induced a significant increase in IL-10 in the intestine. after the cooling treatment, the mice showed a further significant elevation in IL-10 levels in the 41˚C/6 h group, but not in the 40˚C/6 h or 42˚C/6 h groups.
IL-12p40. intestinal il-12p40 levels were increased in the control mice and the 39˚C group compared with the other HS groups, including the 40, 41 and 42˚C groups. Cooling treatment induced a significant increase in IL-12p40 levels in the 40˚C/6 h and 41˚C/6 h groups, but not in the 42˚C/6 h group.
TNF-α. intestinal TnF-α levels in the control mice were comparable to those of all the HS groups, including the 39, 40, 41 and 42˚C groups. Cooling treatment induced a significant increase in TnF-α production in all the HS groups compared with the control group, with the greatest increase occuring in the 41˚C/6 h group.
Correlation analysis. il-1β, il-10 and il-12p40 showed a significant (positive or inverse) correlation with intestinal injury scores (r=0.338, p=0.006; r=0.324, p=0.009; r=-0.421, p=0.01, respectively) ( Table i) . no correlation was observed between intestinal injury scores and the other cytokines or chemokines (all p>0.05, data not shown). Positive correlations were also detected among il-1β, il-10 and il-12p40 levels (r=0.506, p=0.000; r=0.373, p=0.002; r=0.441, p=0.000, respectively; Table I ). In addition, a significant linear correlation was found between intestinal injury and IL-12p40 levels (p<0.001), with a coefficient for the linear regression correlation of r=-0.881.
Discussion
cooling treatment is an essential therapy for heat stroke patients. in the present study, cooling treatment was applied to mice subjected to heat stress in order to mimic clinical therapy, and its effects on changes in Tc were determined. although hypothermia in heat recovery was investigated in other studies (9, (18) (19) (20) , this is the first study to note detailed changes in Tc during cooling treatment. The results showed that the Tc of mice subjected to heat stress dropped below normal levels within 30 min of removal from heat and placement in a 25˚C environment. notably, the higher the Tc of the heat stressed animal reached, the lower the Tc decreased with the application of cooling treatment. When the cooling treatment was applied after the Tc had reached 42˚C, the Tc kept decreasing until the animals succumbed. Heat-induced hypothermia is thought to be crucial in the recovery and survival from life-threatening Tc increases, but our findings clearly indicate that a persistently low Tc is also very dangerous. little is known about the mechanisms mediating this response. The elevation of certain cytokines as the endogenous pyrogen or thermal-regulator dysfunction from damage to the hypothalamus during heat stress and cooling treatment may contribute to the responses described above. Moreover, animals with a Tc that rose above 42˚C succumbed immediately, despite cooling at an ambient temperature, while all the other HS group mice survived for more than 24 h. This finding is consistent with other studies, and indicates that the core temperature and timing of cooling are key factors to reducing mortality due to heat stroke (6, 21) .
Tissue damage is a common manifestation of heat stroke syndrome, and the high mortality rate observed in heat stroke has been considered secondary to multi-organ dysfunction (22, 23) . Since 1986, the gastrointestinal tract had been called the 'motor' of multiple organ failure (24) , and presently the key role of intestinal injury in critical illness, including heat stroke, is well accepted (6, 25, 26) . Our study is the first to describe the detailed pathological changes and injury scores of the small intestine in mice, not only during the application different degrees of heat stress, but also throughout the cooling treatment. The results show that the lesions in the small intestine were progressively aggravated with the increase in the Tc of the mice during heat stress. of note, if the Tc only reached 40 or 41˚C and was followed by cooling treatment, signs of pathological recovery were detected. However, the lesions were further aggravated until the animals succumbed when cooling treatment was applied after a Tc of 42˚C was reached. Thus, there must be mechanisms at work that induce injury to the small intestine other than the direct thermal effect. The inflammatory pathogenesis of intestinal tissue injury may contribute to this phenomenon.
Inflammatory injury to tissues has been well described, and several pro-and anti-inflammatory cytokines have been observed to be elevated in the circulation of heat stroke patients (3, 5, 27, 28) . although circulating cytokines may also indirectly contribute to tissue damage, it should be noted that the concentrations of cytokines are different in the circulation and tissue, the latter of which are likely more important for the direct effects of these substances on tissue injury. Thus, we reported the changes of 10 cytokines and chemokines produced in the ileum tissue of mice subjected to heat stress and cooling treatment, and their correlation with intestinal injury was analyzed.
The levels of GM-cSF, McP-1, MiP-1α, as the key chemokines, and of IL-4, as an important anti-inflammatory cytokine, did not show any significant changes at any time point during the application of heat stress or cooling treatment, but the other 6 cytokines, including il-1β, il-2, il-6, il-10, il-12p40 and TnF-α, showed significant changes at different time points, in part consistent with previous studies on inflammatory medium in the plasma of heat stroke mice or baboons (6, 9) , but also differing greatly in terms of cytokine categories and the time points of release from the mouse tissue during the heat stress and cooling treatment.
The relatively high levels of il-1β present in the normal intestine play an essential role in protecting the mucosa from bacteria colonizing the gut, but an overdose of il-1β can injure the intestinal epithelium, resulting in dysfunction, apoptosis or even necrosis (12) . in our study, heat stress induced a high level of il-1β in the ileum, and after cooling treatment a further increase in il-1β levels was observed. There was a significant positive correlation between IL-1β levels and intestinal injury scores, which indicated the contribution of il-1β to the intestinal injury. The high IL-β levels and low intestinal injury scores in the 41˚C/6 h group may be attributed to the protective role of high il-1β expression in inducing the production of anti-inflammatory cytokines (IL-10 and il-12p40, r=0.506, p=0.000; r=0.373, p=0.002, respectively) and to its anti-bacterial activity.
IL-2, as an important pro-inflammatory cytokine, was inhibited in the ileum of mice during heat stress, but increased during the cooling treatment after a high Tc was reached, except in the 40˚C/6 h group. No correlation between intestinal IL-2 levels and the degree of tissue injury was found, thus further investigations must be performed to elucidate this response. The levels of il-6 and TnF-α, as the key proinflammatory cytokines, changed in the ileum following the same pattern during the heat stress and cooling treatment. increases in both cytokine levels were only observed in mice during the cooling treatment, and were not correlated with intestinal injury scores. It is difficult to explain this phenomenon. However, a study by Hershko provided evidence that IL-6 induces thermotolerance in a specific fashion in human intestinal epithelium (29) . Moreover, il-10 may activate the il-6 gene in stimulated enterocytes by up-regulating the expression and activity of c/eBP, and il-6 may be an antiinflammatory cytokine that exerts protective effects in the gut mucosa and enterocytes (30, 31) . Thus, whether il-6 acts as an anti-inflammatory cytokine that inhibits the role of TNF-α in intestinal injury requires further study.
il-10 is mainly produced by T cells and macrophages, and possesses both anti-inflammatory and immunosuppressive properties (32) . in our study, only a high degree of heat stress induced a significant increase in IL-10 in mice, and only the mice in the 41˚C/6 h group showed a further significant elevation in il-10 levels after the cooling treatment. although there was also a positive correlation between intestinal il-10 levels and tissue injury scores, it is unclear whether the changes in this cytokine were induced by the intestinal injury or vice versa.
il-12p40 is known as an il-12 receptor antagonist since it binds to the il-12 receptor, but fails to induce a signal (33) . Thus, it functions as a natural inhibitor to decrease the pro-inflammatory function of IL-12. Of note, we observed a significant linear correlation between intestinal injury and il-12p40 levels, which indicates that il-12p40 may function as a biomarker for evaluating the degree of the intestinal lesions.
Our statistical analysis also found a significant correlation between the Tc and intestinal injury scores in mice during the application of heat stress and cooling treatment. Moreover, a greater increase in all the cytokines was observed in the 41˚C/6 h group compared to the 42˚C/6 h group, but the latter had the most severe intestinal injury. In addition, the animals in the 42˚C/6 h group succumbed to the heat stress, while the animals in the 41˚C/6 h group survived for more than 24 h, indicating that the Tc was the key factor not only for the outcome of heat stroke, but also for the intestinal inflammatory reaction. A Tc of 41˚C may be the trigger of 'heat-induced SIRS', characterized by high levels of pro-and anti-inflammatory cytokines during cooling treatment.
Some limitations of this study were that our heat stroke model of mice did not fully represent the Tc changes and organ manifestation in heat stroke patients. Moreover, intestinal functional data, such as endotoxin concentrations in the systemic circulation, were not detected, and the relationship and eternal molecular mechanisms between the changes of certain cytokines and tissue damage was not well explained. Thus, further study is warranted.
In conclusion, our study provided the potential inflammatory pathogenesis of intestinal tissue injury in an animal model with heat stress and cooling treatment, suggested the probable presentation of heat-induced SirS, and presented a potential biomarker for the evaluation of intestinal injury during heat stroke.
